In this paper, a numerically investigation of the aperture diameter in intracavity-contacted oxide-confined GaN-based VCSEL is presented. Simulation results show that with increasing of the current aperture diameter, there is a reduction in the differential resistance of the VCSEL. The influence of oxide aperture on the threshold current has also been investigated. There is an enhancement in the threshold current of the VCSEL by increasing the oxide aperture diameter.
Introduction
In these years, III-V nitride semiconductors are very attractive owing to their wide direct band gap, and Their ternary alloys are ideal for fabrication of optoelectronic devices such as light emitting diodes (LEDs), laser diodes (LD) and vertical cavity surface emitting lasers (VCSELs). The main advantages of the VCSELs are numerous such as circular output beam, single longitudinal mode operation and low beam divergence [1, 2, 3] .
In the VCSEL, optical mode confinement is present in the center of the VCSEL and the essential problem is the focusing of the carrier density in this part of the device. Optically pumped nitride-based VCSELs have already been reported [4] . For electrically pumped VCSELs, the realization of high quality GaN-based distributed Bragg reflectors (DBRs) is necessary [5, 6] . N-type doping of nitride-based DBRs has already been demonstrated [7, 8] , however injection of current laterally is still difficult due to the relatively low conductivity of p-type GaN [9] . Consequently in GaN-based VCSELs, to find a way for injection of current laterally and formation of a high-quality DBRs are very important. Nowadays, in a GaN-based VCSEL, in order to localize current injection under a mirror, an intra-cavity contact is used to spread the current laterally and then it is injected to the active region [10] . A tunnel junction (TJ) structure in GaN-based devices is presented in order to improve the lateral conductivity [11] .
Selective oxidation is a widely used technique in the AlAs/GaAs system [12] for successful current confinement schemes in GaAs-based VCSELs [13] . Dorsaz et al. reported a procedure allowing for selective anodic oxidation of lattice-matched AlInN layers and its application to the fabrication of light-emitting diodes (LEDs) [18] . Using this technique, they have laterally oxidized buried AlInN layers over several tens of micrometers. In our study, we applied the AlInN oxided layer for lateral injection current confinement in the GaN-based VCSEL structure [14] .
Although the oxide aperture size behavior in VCSEL has been investigated by several researchers, but to the authors' knowledge, little research has been done for GaN-based VCSEL in this area so far. This paper is a numerical study of the aperture diameter effect on the electrical properties of the GaN-based intracavity-contacted oxide-confined VCSEL and the influence of the oxide aperture on the VCSEL threshold current using Integrated System Engineering Technical Computer Aided Design (ISE TCAD).
VCSEL design
Advanced numerical simulation software with cylindrical symmetry was used in order to analyze the performance of GaN-based VCSELs. The drift diffusion transport equations and Poisson equation for electrons and holes are solved.
The bandgap energies of the In x Ga 1-x N and Al x Ga 1-x N ternary alloys at room temperature are given by [15] :
The Shockley Read-Hall (SRH) recombination lifetime of the carriers is assumed to be 1 ns. However, due to the sensitivity of the type and density of recombination centers to the technological process, it is a rough estimate. Table I shows the binary nitride materials parameters that have been used in our simulation [16] . Table I . Binary III-nitride materials parameters at room temperature [16] For simulated structure design, we developed the structure in Ref. [14] and the Ref. [17] has been used also. In VCSEL the cavity included the cladding layers and active region that are sandwiched between two distributed Bragg reflectors. The active region in this device consists of the In x Ga 1-x N layers with 0.13 indium composition for wells and 0.01 indium composition in InGaN barrier layers. This region has been sandwiched between two ptype and n-type cladding layers of Al x Ga 1-x N with 0.1 mole fraction. The active medium for the double quantum well consists of two quantum wells and three barriers. In this GaN-VCSEL, DBRs includes GaN and Al x In 1-x N layers with 0.82 indium mole fraction. DBRs consist of 23 pairs of p-type doped layers at the top and 28 pairs of n-type DBRs at the bottom. One Al 0.62 InN selective oxidation layer with aperture diameter of 5 µm has been used for the current confinement [14] . The doping concentration of the p and n-type layers is 1.4 × 10 18 cm −3 and 8 × 10 17 cm −3 respectively. Hole and electron mobilities are 8 and 200 cm 2 /Vs, respectively [18, 19] . The mesa diameter is 7 µm and the emission wavelength of VCSEL is about 414 nm.
Results and discussion
The simulated GaN-based VCSEL structure is illustrated in Figure 1 (a) . Figure 1 (b) shows the I-V characteristics of an oxidized GaN-based VC-SEL. This diagram shows the insulating behavior of the oxide AlInN layer on the electrical characteristics of the VCSEL. From this figure it is observed that differential resistance of the VCSEL increases with the reduction of the current aperture diameter that is in agreement with the experimental result [14] . This is due to the cross-sectional area reduction of the oxide aper-ture. The reliability and thermal property of the VCSEL will be destroyed by the increasing resistance. Consequently the low differential resistance in the VCSEL is important.
In Figures 1 (c) , the electrostatic potential versus the vertical position with oxide aperture diameter changing are illustrated. From this figure, it is observed that with oxide aperture diameter increasing, the electrostatic potential decreased. As already mentioned, differential resistance of the VCSEL reduced with the current aperture diameter increasing. Consequently electrostatic potential decreased and to achieve lasing operation, higher injection current is necessary. The influence of the oxide aperture diameter on the threshold current and output power of the GaN-based VCSEL is investigated. The simulation results at 300 K are listed in Table I . When the aperture diameter increases from 4 µm to 6 µm by step of 0.5 µm, the threshold current increases from 12.127 mA to 22.659 mA. It is due to the increasing electron-hole wave func-tion separation that leads to the lateral leakage enhancement which is important for the threshold current. In VCSELs with smaller aperture sizes, lateral confinement of carriers and optical field is better. In VCSELs with larger aperture sizes, the higher injection current is necessary to achieve lasing operation.
Table II. Threshold current, output power and optical confinement factor versus the aperture diameter in the GaN-based VCSEL at 300 K We observed that with oxide aperture diameter increasing from 4 to 5 µm by step of 0.5 µm, the output power increased from 8.795 to 9.775 mW. This is attributed to increasing radiative recombinations inside the active region due to more confined lasing modes inside the active medium. The decrease in output power from decreasing of oxide aperture diameter from 5 to 6 µm by step of 0.5 µm is attributed to the saturation of the active region by carriers. Some of carriers could escape from the MQWs active region which caused the decrease in the output power. In 5 µm oxide aperture diameter, the output power reaches the maximum value of 12.290 mW which is the optimal value for the output power. It is related to the highest optical confinement factor (OCF) for 5 µm aperture diameter. VCSEL has the highest optical intensity for this diameter as illustrated in Figure 1 (d) . For this diameter, there is a balance between the threshold current and output power.
Conclusion
We have investigated the effect of aperture diameter in intracavity-contacted oxide-confined GaN-based vertical cavity surface emitting lasers. The electrical characterization of the oxidized device shows an enhancement in the differential resistance of the VCSEL with the reduction in the current aperture diameter. An enhancement in the VCSEL threshold current was observed with the oxide aperture diameter increasing. Maximum output power and high optical intensity were observed when the diameter of the oxide aperture was 5 µm. In this case, the optical confinement factor has the highest value.
